Hip osteoarthritis leads to chronic pain and deteriorated joint function, which affect weightbearing and balance during gait. THA effectively restores hip function but it is not known whether THA restores balance during gait. We hypothesized patients would have greater frontal plane and smaller sagittal plane center of mass-center of pressure inclination angles preoperatively compared with control subjects, and THA would improve these inclination angles by 16 weeks postsurgery. Compared with control subjects, we observed greater frontal plane inclination angles and smaller sagittal plane angles preoperatively, indicating gait imbalance. These inclination angles were improved postoperatively, providing better balance control. Despite improvement, patients differed in frontal and sagittal plane inclination angles compared with control subjects. This suggests residual deficits in dynamic balance control in patients undergoing THA before and up to 4 months after surgery.
Introduction
During gait, the hip increases stride length, leg progression, and stability during single-limb support [50] . Osteoarthritis of the hip results in chronic pain, reduced muscle strength, and reduced ability to perform daily activities [42, 45] . Patients with degenerative hips have difficulty maintaining stability [26, 32] and are at risk of falling [1, 29, 31, 46] . Falls are a major cause of death among the elderly, with an estimated 28% of adults older than 65 years experiencing one or more falls [40] . Zhan et al. suggested that of the 200,000 patients who underwent THA in the United States, 60% were older than 65 years [51] . Because decreased joint function and muscle strength are major risk factors causing falls [40, 41] , concerns regarding the risk of falling might exist among patients undergoing THA [1, 29] . Arnold and Faulkner [1] screened 106 older adults with hip osteoarthritis, with 45% reporting at least one fall in the previous year. Mitchell et al. [29] reported 39% of their patients undergoing hip or knee arthroplasty experienced one or more falls during a 4-week period before study participation and concluded there is a need to implement a fall-prevention program. Furthermore, periprosthetic fracture of the femur often occurs after a fall and can lead to a high rate of postoperative complications and mortality [2, 10, 21] . Lack of bone quality, previous surgery, medical comorbidities, and age have been cited as factors associated with periprosthetic fractures [10, 22, 49] .
THA effectively decreases pain and improves mobility and quality of life [9, 23] . Studies on postural balance during standing after THA showed patients had a greater medial-lateral sway [35] and reduced ability to control center of mass (CoM) movement [32] when compared with control subjects. Although walking velocity, stride length, and stride time reportedly are improved after THA [23, 47] , on average, patients continue to have a slower gait speed Each author certifies that he or she has no commercial associations (eg, consultancies, stock ownership, equity interest, patent/licensing arrangements, etc) that might pose a conflict of interest in connection with the submitted article. Each author certifies that his or her institution has approved the human protocol for this investigation, that all investigations were conducted in conformity with ethical principles of research, and that informed consent for participation in the study was obtained. and shorter stride length than various control subjects up to 4 years [24, 38, 43] and even 10 years [3] . Trunk pitch (forward-backward) and roll (side-to-side) have been used to reflect balance control of patients undergoing THA during gait [26] . Compared with presurgery, trunk pitch and roll angles during gait progressively decrease by 4 and 12 months postsurgery. After THA, patients also showed a slight lean of the CoM toward the operated limb during the double-support phase of gait [43] . This pattern of dynamic balance control during gait is apparently different from that of healthy older adults, but the study did not report how subjects performed preoperatively. Several studies have suggested hip position sense is largely preserved after THA [12, 16] , yet it remains unknown whether patients improve balance control during gait.
A common surrogate for balance has been the interaction between the CoM and center of pressure (CoP) [6, 7, 13] . Specifically, the inclination angle formed between the line connecting the CoM and CoP and a vertical line passing through the CoP throughout the gait cycle provides a measure of balance control in the frontal and sagittal planes [20] . Elderly individuals with balance impairments have greater frontal and reduced sagittal plane CoM-CoP inclination angles than healthy elderly people during walking. In addition to these alignment measures, CoM instantaneous velocity reflects the individual's ability in dynamic balance control [13, 15, 37] . Substantially reduced CoM velocity has been observed in the elderly at the instant when the CoM and CoP are maximally separated [13] .
We therefore hypothesized, compared with age-matched control subjects, patients undergoing THA would have characteristics of CoM-CoP interactions associated with impaired balance control at presurgery, ie, greater frontal plane CoM-CoP inclination angles, smaller sagittal plane CoM-CoP inclination angles, and slower CoM instantaneous velocities at maximum CoM-CoP separation. We also hypothesized THA would allow patients to decrease the medial inclination angle and increase the sagittal plane angle by 16 weeks postsurgery.
Materials and Methods
We recruited 30 adults for this study and divided them into two groups: 20 patients (14 males, six females) undergoing THA and 10 age-matched control subjects (five males, five females) without orthopaedic problems ( Table 1) . Threedimensional gait analysis was performed on each patient undergoing THA during three visits to assess dynamic balance control during gait using the CoM-CoP inclination angles in the frontal and sagittal planes. Control subjects were tested for identical variables during two visits. Before testing, subjects provided signed consent for the experimental procedure approved by the University of Oregon Institutional Review Board.
Patients recruited in this study were scheduled for THA (mean age ± standard deviation, 57.0 ± 5.2 years) through Orthopedic Healthcare Northwest, PC of Eugene, OR ( Table 1) . Age-matched control subjects (mean age, 59.9 ± 5.3 years) were recruited through flyers placed on the university campus and surrounding neighborhoods. Control subjects were community-dwelling individuals without lower limb joint surgery, any history of neurologic or musculoskeletal impairment, or incidence of vertigo or arthritis ( Table 1 ). The patients recruited reported no prior joint surgery, fracture of the lower limb, or history of neurologic impairment, and all were diagnosed with unilateral osteoarthritis of the hip. Before surgery, we evaluated all surgical patients for hip function with Harris hip scores (mean, 54.7 ± 12.4; range, 27.3-75.7) [14] . All patients underwent primary THA using the anterior (12 patients) or lateral (eight patients) surgical approach on the affected limb and received uncemented (17 patients) or cemented (three patients) Zimmer hip implants (Zimmer Inc, Warsaw, IN). Patients then underwent an identical physical therapy regimen with the same physical therapist during the study period.
Patients undergoing THA were tested at three times: presurgery, 6 weeks, and 16 weeks postsurgery. By 6 weeks postsurgery, patients no longer used crutches, and by 16 weeks postsurgery, the muscles affected during THA presumably would be sufficiently healed to allow patients to resume their usual activities of daily living after their rehabilitation protocol [4, 19] . Thus, short-term recovery of balance control at this time was investigated in this study. During each visit, we asked subjects to walk at a selfselected pace along a 10-m walkway. Practice walking trials were first performed so subjects could become comfortable with the environment and the markers. We collected four level walking trials during each visit as subjects ambulated along the walkway. Control subjects were tested during two visits 1 month apart to ensure test repeatability. Among the control subjects, no time effects were identified between the two visits. Therefore, average values for each dependent variable were used for comparison with the patient groups. Whole-body motion data were collected using an eightcamera motion system (Motion Analysis Corp, Santa Rosa, CA) with a set of 29 reflective markers placed on bony landmarks [13] . Two force plates (Advanced Mechanical Technologies Inc, Watertown, MA) were placed in series at the center of the walkway to collect ground reaction forces and moments. We predetermined the separation distance between force plates based on visual inspection of a subject's step length.
Marker trajectories and data from the force plates were sampled at 60 Hz and 960 Hz, respectively, for 6 seconds in each trial. Data collected during one complete stride were analyzed from heel strike of the involved limb onto the first force plate to the subsequent heel strike of the same foot. Motion data were reconstructed using EVA/RT software (Motion Analysis Corp) and filtered using a low-pass, fourth-order Butterworth filter with an 8-Hz cutoff frequency. Virtual markers at joint centers were created and combined with anthropometric data to determine the CoM locations for 13 body segments [6] . Laboratory-written programs (MATLAB 1 Version 7.0; The Mathworks Inc, Natick, MA) were used for further data processing. The whole-body CoM was calculated using the weighted sum of all segmental CoMs. The CoP was computed with the measured ground reaction forces and moments. We calculated linear CoM velocities using a generalized crossvalidated spline algorithm [48] . Instantaneous CoM velocities in the frontal and sagittal planes at the maximum CoM-CoP separation were identified. The CoM-CoP inclination angles were defined as the angles formed between the line connecting the CoP and CoM with a vertical line through the CoP (Fig. 1 ) and were calculated for each instant throughout the gait cycle [20] . The maximum medial, anterior, and posterior CoM-CoP inclination angles then were identified for analysis.
We calculated temporal distance gait measures during a single stride. Stride length and stride time were computed from the position change of the heel marker. Average step width was calculated as the distance between the ankle centers at heel strike of each foot. Stride length was normalized by the subject's height, whereas step width was normalized by the distance between the two anterior superior iliac spines. Both measures were normalized to account for differences in individual anthropometrics and allow for comparison between subjects and groups. We determined gait velocity by the position and time change of the whole-body CoM.
We used a mixed-model analysis of variance with repeated measures to detect the effects of group (control versus THA) and time (presurgery versus 6 weeks and 16 weeks postsurgery) on gait temporal-distance parameters, CoM-CoP inclination angles, and CoM velocity. Analyses were performed with SAS 1 9.0 (SAS Institute Inc, Cary, NC).
Results
Before THA we observed patterns of CoM-CoP interactions associated with impaired balance control in patients (Fig. 2) . When compared with control subjects, the peak anterior and posterior CoM-CoP inclination angles (Fig. 3A-B ) were smaller (p = 0.0004 and p = 0.0012, respectively), whereas the peak medial CoM-CoP inclination angle ( Fig. 3C ) was greater (p = 0.0006) in patients undergoing THA. At the instants of maximal anterior and posterior CoM and CoP separation, patients undergoing THA had slower (p = 0.0023 and p = 0.0028, respectively) CoM forward velocities (Table 2 ). Furthermore, when compared with control subjects, patients undergoing THA walked with a slower gait velocity (p = 0.0024), shorter stride length (p = 0.0005), and larger step width (p = 0.0066) ( Table 3) .
Patients having THA had improved gait and balance control by 16 weeks postsurgery. Patients undergoing THA had a smaller (p = 0.0084) medial inclination angle with a greater (p = 0.0247) posterior inclination angle 16 weeks postsurgery when compared with before surgery (Fig. 3B-C) . The CoM velocity also increased (p \ 0.0001) for patients undergoing THA at maximum anterior and posterior CoM-CoP separation by 16 weeks postsurgery. However, at 6 weeks postsurgery, only the medial inclination angle improved (p = 0.0078) from before surgery. When compared with presurgery, the THA group walked faster (p \ 0.0001), with a larger (p \ 0.0001) stride length and a shorter (p = 0.0045) Table 3 ). Values of these parameters at 6 weeks postsurgery were similar to those before surgery (Table 3) . When compared with the control subjects at 16 weeks postsurgery, patients undergoing THA performed similarly in gait velocity (p = 0.2383), stride length (p = 0.0576) ( Table 3) , and CoM velocities at maximum anterior and posterior CoM-CoP separations (p = 0.2204 and p = 0.1979, respectively) ( Table 2 ). However, their CoM-CoP inclination angles in anterior (p = 0.0064) and medial (p = 0.0101) directions failed to reach control levels ( Fig. 3 ).
Discussion
Given that greater than 60% of patients undergoing THA in the United States are older than 65 years and deteriorated joint function and reduced muscle strength are major risk factors of falling in the elderly, a better understanding of the presence or resolution of gait imbalance for patients undergoing THA is needed. We therefore hypothesized patients undergoing THA would have characteristics associated with impaired balance control before surgery At all times, the THA group displayed a smaller anterior inclination angle (p = 0.0004, 0.0002, and 0.0064, respectively) and greater medial inclination angle (p = 0.0006, 0.0167, and 0.0101, respectively) when compared with the control group, indicating decreased ability in balance control. The posterior inclination angle approached the level of control subjects by 16 weeks postsurgery (p = 0.0562), whereas it was smaller before surgery (p = 0.0012) and 6 weeks postsurgery (p = 0.0005). * Compared with presurgery, patients undergoing THA had a smaller medial inclination angle at 6 (p = 0.0078) and 16 (p = 0.0084) weeks and a greater posterior inclination angle (p = 0.0247) at 16 weeks postsurgery. and THA would allow patients to decrease the medial inclination angle and increase the sagittal plane angle by 16 weeks postsurgery.
We note several limitations. First is the small sample size. We performed a post hoc power analysis using the medial CoM-CoP inclination angle to compare differences between groups. Our sample size of 30 subjects had 79.7% power to detect differences at the 0.05 level between the THA and control groups with an effect size of 1.2 [18] . This indicates patients having THA sway with an angle that is 1.2 standard deviations above the mean value of control subjects. The magnitude and pattern of the medial inclination angle for patients undergoing THA were similar to those reported for a group of elderly patients experiencing falls [20] . Second, the difference in body mass index (BMI) among patients having THA and control subjects could be another limitation of this study. A high BMI is reportedly a risk factor for THA owing to its possible association with osteoarthritis [17] . The BMIs for our patients having THA and control subjects are consistent with typically reported values [33, 36] . Although obese men walk slower with shorter strides and wider steps than nonobese individuals [44] and obese children have greater sway areas in the medial lateral direction [28] , we observed improvement in gait performance after THA. By 16 weeks postsurgery, our patients walked with a similar gait velocity and stride length as control subjects while continuing to maintain a greater BMI. Third, the outcomes could be affected by the shortterm nature of this investigation. Although patients might show additional improvement by 6 and 12 months after THA, gait imbalance and the subsequent health complications remain a concern during this time. The average time from implant insertion to periprosthetic fracture ranged from 0.3 years for ingrowth stems to 8.5 years for loose cemented stems, with a majority of fractures resulting from falls [2] . Of 16 fractures after THA investigated by Wu et al. [49] , five occurred within 1 month after surgery. In other studies, patients undergoing THA exhibited asymmetry in step length, load-bearing [8] , and reduced walking efficiency compared with healthy patients [34] 4 weeks after surgery. Therefore, understanding the gait patterns 6 weeks and 16 weeks postsurgery could allow for proper postoperative rehabilitation intervention and return patients to control levels quickly.
Given that the peak medial CoM-CoP inclination angle occurs during the single-support phase (Fig. 2B) , an additional analysis was performed to detect any differences between the operated and nonoperated limbs in patients Values are expressed as means, with standard deviations in parentheses; * time effects; group effects; CoM = center of mass; CoP = center of pressure. having THA. No between-limb differences were detected across all three testing times. At 6 weeks postsurgery, the peak medial CoM-CoP inclination angle was the only measure that showed substantial improvement as compared with before surgery. This frontal plane balance measure reportedly better distinguishes elderly patients who experience falls than typical gait temporal-distance parameters [20] . It therefore might show more sensitively the effectiveness of THA in improving frontal plane balance control. Given that these patients stopped using crutches 6 weeks postsurgery, such improvement in balance control would be needed.
Although we observed improvements in all balance control measures 16 weeks postsurgery compared with before surgery, patients undergoing THA still had substantially larger medial and smaller anterior CoM-CoP inclination angles than control subjects, indicating evidence of residual deficits in dynamic balance control [20] . These differences in the medial inclination angles agree with findings on hip abductor muscle strength, suggesting persistently diminished abductor moments postsurgery [30, 38] . Patients with abductor weakness or hip pain attempt to laterally shift the CoM over the affected hip to minimize the net joint moments. This perturbs CoM motion in the frontal plane and limits progression in the sagittal plane [25, 39] . Patients undergoing THA had some improvement in their ability to control the CoM momentum as evidenced through the instantaneous velocity of the CoM at maximum CoM-CoP separation ( Table 2 ). It has been suggested dynamic gait stability requires control of CoM position and velocity [37] . Such improvement could be indicative of increased confidence and control of the sagittal plane CoM during gait for patients undergoing THA.
Before surgery, subjects undergoing THA had slower gait velocity, shorter stride length, and wider step width than control subjects. Consistent with the literature, by 16 weeks postsurgery, patients undergoing THA had an increase in gait velocity and stride length compared with before surgery (Table 4) [3, 5, 23, 24, 30, 38, 43, 47] . We observed no major differences between patients and control subjects at 16 weeks postsurgery for these variables, suggesting improved range of motion and/or hip muscle strength after surgery and more efficient leg progression during gait [32] . Although gait velocity is slower up to 4 years after THA [24] , this patient group may have regained normal temporaldistance gait patterns at a faster rate as a result of differences in rehabilitation protocols, specific surgical procedures, or postoperative activity levels.
Wide step widths have been associated with lateral extensions of the base of support and a need to laterally control the position and velocity of the CoM [11, 15] . Although there have been reports of changes before and after surgery in gait velocity and stride length [23, 47] , changes in step width have not been reported. By maintaining a larger step width presurgery when compared with control subjects, patients showed strategy to accommodate a greater medial CoM-CoP inclination angle during gait. A wider step width may be a preventive measure to ensure the CoM remains inside the base of support, and such a strategy may compensate for existing instability [11, 15] . However, we observed no major narrowing of the step width among the THA group postsurgery.
Differing gait patterns between patients undergoing THA and control subjects may be the result of residual antalgic gait [27] . McCrory et al. [27] hypothesized lingering differences might be the result of physiologic deficits such that patients have inability to restore hip strength and range of motion to normal levels, and adaptation of a habitual gait pattern. Surgery reduced pain at the hip, but because of fundamental differences in BMI and residual antalgic gait, it is possible patients will always maintain balance control different from that of control subjects. Our data suggest a short-term improvement in gait performance after THA. Although balance control has improved, as measured by the CoM-CoP inclination angles, patients undergoing THA still have not reached the level of control subjects by 16 weeks postsurgery.
